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ABSTRACT
Observations of galaxies and galaxy clusters in the local universe can account for only ∼ 10% of the total baryon content. Cosmological
simulations predict that the ‘missing baryons’ are spread throughout filamentary structures in the cosmic web, forming a low-density
gas with temperatures of 105 − 107K. We search for this warm-hot intergalactic medium (WHIM) by stacking the Planck Compton
y-parameter map of the thermal Sunyaev-Zel’dovich (tSZ) effect for 1,002,334 pairs of CMASS galaxies from the Sloan Digital Sky
Survey. We model the contribution from the galaxy halo pairs assuming spherical symmetry, finding a residual tSZ signal at the 2.9σ
level from a stacked filament of length 10.5 h−1 Mpc with a Compton parameter magnitude y = (0.6±0.2)×10−8. We consider possible
sources of contamination and conclude that bound gas in haloes may contribute only up to 20% of the measured filamentary signal. To
estimate the filament gas properties we measure the gravitational lensing signal for the same sample of galaxy pairs; in combination
with the tSZ signal, this yields an inferred gas density of ρb = (5.5 ± 2.9) × ρ¯b with a temperature T = (2.7 ± 1.7) × 106 K. This result
is consistent with the predicted WHIM properties, and overall the filamentary gas can account for 11± 7% of the total baryon content
of the Universe. We also see evidence that the gas filament extends beyond the galaxy pair. Averaging over this longer baseline boosts
the significance of the tSZ signal and increases the associated baryon content to 28 ± 12% of the global value.
Key words. cosmology: observations – large-scale structure of Universe – intergalactic medium – cosmic background radiation
1. Introduction
The baryon content of the Universe is a key predicted observable
of the standard model of cosmology. Measurements of the abun-
dances of light elements formed in primordial nucleosynthesis
and of the acoustic peaks in the power spectrum of the cosmic
microwave background (CMB) indicate that baryons comprise
approximately 5% of the total energy density in the Universe
(Cyburt et al. 2016; Planck Collaboration 2016b).
In the late-time Universe, however, only ∼ 10% of these
baryons are observed in galaxies, with another ∼ 10% forming
the circumgalactic and intracluster medium (Persic & Salucci
1992; Fukugita & Peebles 2004; Shull et al. 2012). In addition
to this, McGaugh et al. (2010) reported that the baryon fraction
falls below the expected universal level for all but the most mas-
sive haloes. To reconcile the apparent discrepancy in baryonic
mass between the standard cosmological model and galaxy for-
mation theories, it is therefore important to locate the remaining
‘missing baryons’.
The ΛCDM model also predicts that the matter distribution
of the Universe should follow a web-like pattern, in which galax-
ies and galaxy clusters are embedded in the knots of the web and
are connected by large-scale filamentary and sheet-like struc-
tures. Both observations and simulations suggest that a signif-
icant fraction of baryons should be found outside the gravita-
tionally bound haloes, in filaments and sheets (Cen & Ostriker
1999; Penton et al. 2004; Shull et al. 2012). The baryons are ex-
pected to be in a diffuse ‘warm-hot’ state, with low over-densities
(δ ∼ 10) and temperatures between 105 − 107K.
Previous efforts to detect this warm-hot intergalactic medium
(WHIM) focused mainly on the measurement of absorption lines
in the spectra of distant quasars. Penton et al. (2004) measured
the Lyman-α forest at low redshift and estimated a baryon den-
sity of 0.3Ωb. The Lyman-α absorbers trace relatively cool gas
(T ∼ 104 K), but absorption lines of highly ionised heavy el-
ements have also been observed, requiring higher temperature
gas (e.g. Nicastro et al. 2008; Tejos et al. 2016). Combined,
these absorption line studies can account for ∼ 50% of baryons.
Most recently, Nicastro et al. (2018) reported the detection of
the WHIM from the measurement of two OVII absorbers, and
extrapolate that their measurement may account for all of the
missing baryons, but with large uncertainties.
A second successful approach to the detection of the diffuse
WHIM was the individual detection of filaments using their X-
ray emission (Kull & Böhringer 1999; Eckert et al. 2015). These
X-ray studies however probe mainly the high-temperature (T ∼
107 K) and high-density (δ & 100) end of the WHIM, and thus
only yield detections near massive clusters.
In summary, these different methods are sensitive mostly to
the lower and higher temperature end of the warm-hot baryons,
leaving the majority of the missing baryons still poorly con-
strained (Shull et al. 2012). In particular, the observations of in-
dividual lines of sight or single objects cover a small volume of
the Universe, suffering from large cosmic variance and giving
no clear picture of the large-scale extent and geometry of the
WHIM.
The Sunyaev-Zel’dovich (SZ) effect provides an alternative
means of detecting the WHIM in filaments. The thermal SZ ef-
fect arises from the Compton scattering of CMB photons by
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ionised gas. The amplitude of the signal is quantified by the
Compton y-parameter (Sunyaev & Zeldovich 1972),
y =
∫
kBTe
mec2
ne σT d`, (1)
where mec2, kB and σT are the electron rest mass energy, Boltz-
mann constant and the Thomson cross-section respectively, all of
which are known physical quantities that amount to a constant.
The y-parameter therefore depends solely on the line-of-sight
integration of neTe, which are respectively the electron number
density and temperature. The kinetic SZ effect on the other hand
is sensitive to the bulk momentum of free electrons in and around
clusters and galaxies.
Both the thermal and kinetic SZ effect have been observed
with high significance for the high-density environments of
galaxies, galaxy clusters and their outskirts (e.g. Hernández-
Monteagudo et al. 2015; Hill et al. 2016; Schaan et al. 2016;
Planck Collaboration 2016e; De Bernardis et al. 2017; for a
recent review see Mroczkowski et al. 2018). Notably, Bonjean
et al. (2017) and Planck Collaboration (2013) report the tSZ ob-
servation of a bridge connecting the merging cluster pair A399-
A401, and conclude this constitutes a detection of the hottest and
densest part of the WHIM.
In this work we search for the fainter predicted thermal SZ
signal from large-scale gas filaments using the all-sky Compton
parameter y-map from Planck Collaboration (2016a); because
the imprint of the WHIM signal on the y-map is expected to
be weak, we proceed by stacking, so the locations and orien-
tations of filaments on the map need to be known in advance.
From analyses of numerical simulations, we expect filaments to
connect pairs of massive haloes separated by up to ∼ 20 h−1 Mpc
(Colberg et al. 2005). As such, a good proxy for the location of
filaments is the line connecting neighbouring massive galaxies
(Clampitt et al. 2016; Epps & Hudson 2017).
In section 2 we describe our galaxy pair catalogue and the
Planck data used. Our stacking analysis is presented in section 3,
followed by a discussion of possible contaminants and the esti-
mation of the filament properties in section 4. In sections 5 & 6
we compare our result with current literature, including the re-
cent similar SZ stacking analysis by Tanimura et al. (2019), and
present our conclusions.
Throughout the paper we assume a flat ΛCDM cosmology
with Hubble constant H0 = 100 h km s−1 Mpc−1, h = 0.68, Ωm =
0.31 and Ωb = 0.049 (Planck Collaboration 2016b).
2. Data
2.1. Galaxy pair catalogues
2.1.1. Filament candidates
We use both the North and South CMASS galaxy catalogues
from the 12th data release of the Sloan Digital Sky Survey
(SDSS: Alam et al. 2015; Dawson et al. 2013). The CMASS
galaxies were selected using colour-magnitude cuts to identify
galaxies in the redshift range 0.43 < z < 0.75 with a narrow
range in stellar mass. The galaxies have a mean stellar mass of
1011.3M and are mostly central galaxies in their host dark mat-
ter haloes of typical virial mass ∼ 1013 h−1 M (Maraston et al.
2013; White et al. 2011). CMASS galaxies therefore represent a
highly biased galaxy sample.
Using the full CMASS catalogue of 0.85 million galaxies, we
select a sample of galaxy pairs that are likely to be connected by
filaments (‘physical pairs’). Motivated by Clampitt et al. (2016),
the pairs are required to have a transverse comoving separa-
tion in the range 6 − 14 h−1 Mpc and a line-of-sight separation
< 5 h−1 Mpc1. These ranges were chosen to ensure that the in-
tergalactic medium is probed as well as the intracluster medium
within the haloes (of virial radius ∼ 1 h−1 Mpc). By applying the
first constraint we prevent contamination from the potential pro-
jection of two haloes along the line of sight. The final selection
of physical pairs comprises 1,020,334 pairs with a mean angular
separation of 26.5 arcmin and a mean comoving separation of
10.5 h−1 Mpc. The number of galaxy pairs exceeds the number
of galaxies, indicating that some of the CMASS galaxy haloes
may be undergoing collapse into galaxy groups or clusters. As a
result, a small fraction of the CMASS galaxies will overlap with
the expected filament region. We account for this effect when
estimating the significance of the SZ signal in section 3.3 and
estimate the contribution from CMASS galaxy haloes to the fil-
ament signal in section 4.2.
2.1.2. Control sample
In addition to our filament candidates, we compile a second sam-
ple of ‘non-physical’ pairs of galaxies that have the same co-
moving projected separation of 6 − 14 h−1 Mpc, but are sepa-
rated by 40 − 200 h−1 Mpc along the line of sight. These pairs
of galaxies therefore have the same projected separation as our
sample of physical pairs, yet are highly unlikely to be connected
by filaments (Epps & Hudson 2017). The resulting selection of
13,622,456 non-physical pairs has a distribution of angular sepa-
rations similar to that of the physical pairs. We use this catalogue
to estimate the contribution to the SZ signal from uncorrelated
large-scale structures that lie along the line of sight to the galaxy
pairs.
2.2. Planck maps
2.2.1. Compton parameter map
We use the MILCA (Modified Internal Linear Combination
Algorithm: Hurier et al. 2013) and NILC (Needlet Internal
Linear Combination) all-sky Compton parameter maps (‘y-
maps’) released by the Planck Collaboration (Planck Collabo-
ration 2016a). These y-maps were constructed from the multiple
Planck frequency channel maps, which were convolved to yield
a common circular Gaussian beam of FWHM 10 arcmin (Planck
Collaboration 2016a). We apply a 40% Galactic mask provided
by the Planck Collaboration to reduce contamination from galac-
tic emission and point sources. Both the y-maps and mask are
provided in the HEALPix (Górski et al. 2005) format at a reso-
lution of Nside = 2048. Here we present only our results obtained
with the MILCA y-map, however we note that our resuls are un-
changed if we replace the MILCA y-map with the NILC y-map
in our analysis.
1 Our criterion on line-of-sight separation implicitly assumes that the
total redshift differences are purely cosmological; but in reality, peculiar
velocities can have an effect — as can be seen from e.g. Fig. 11 of
Jenkins et al. (1998). For filaments of our length that are near to the
plane of the sky, the pairwise dispersion in radial velocity is close to
500 km/s, and this has a convolving effect. Thus, some of our pairs will
have a true radial separation slightly larger than our limit of 5 h−1 Mpc,
and some pairs with a smaller radial separation will be rejected because
the apparent separation in redshift space is above our limit. But our
selection still picks pairs that are nearly transverse to the line of sight,
and is distinct from the much larger radial offset that we use elsewhere
to select control samples of unphysical pairs for control purposes.
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2.2.2. CMB lensing convergence map
Large-scale matter over-densities will cause coherent distor-
tions of the CMB temperature fluctuations (Planck Collabora-
tion 2016c). This lensing effect can then be used to measure the
dimensionless projected matter density along the line of sight,
the convergence κ:
κ(r) =
3H20Ωm
2c2
∫ DS
0
(DS − DL)DL
DS
δ(r,DL)
a
dDL; (2)
here, r is the line-of-sight direction, c is the speed of light, DL
and DS are the comoving distances of the lens and the source,
which is the distance to the last scattering surface for the case of
CMB lensing. δ ≡ ρ/ρ¯−1 is the 3D density contrast, with ρ being
the total local matter density and ρ¯ = 3ΩmH2/(8piG) the mean
matter density of the Universe, where H is the Hubble parameter
and G the gravitational constant.
In addition to the SZ y-map, we use the CMB lensing conver-
gence map (κ-map) from Planck (Planck Collaboration 2016c)
to estimate the matter density around the galaxy pairs (see sec-
tion 4.4). We convolve the κ-map with a Gaussian beam of
FWHM 10 arcmin to make sure that it has the same small-scale
coherence as the y-map (the κ-map is a reconstruction that does
not possess a beam: only a harmonic limit of ` < 2048).
3. Stacking analysis
3.1. Compton parameter map stacking
As the expected SZ signal from a single filament falls well be-
low the noise level of the y-map, we stack the signal from the full
sample of galaxy pairs. The map area surrounding each galaxy
pair is rotated such that the galaxy pair aligns with the equator,
with the centre of the pair located at the origin of the galactic
coordinate system. The rotated areas are then rescaled accord-
ing to their corresponding angular pair separation, such that the
locations of the different pairs overlap with each other. We then
project each map onto a two-dimensional rectangular grid us-
ing a nearest neighbour interpolation. For every galaxy pair we
stack both the projected map and its mirrored version, thus re-
sulting in a stacked map symmetrical in the vertical axis. Masked
HEALPix pixels are accounted for by assigning a weight of zero
to the corresponding grid pixels.
In order to improve the computational efficiency of our stack-
ing algorithm, we reduce the map resolution to Nside = 1024,
corresponding to a typical pixel size of 3.4 arcmin. The resulting
stacked y-map from the 1 million pairs is presented in the left
panel of Fig. 1. The map is dominated by the SZ signal from the
two bright galaxies; but the main important feature is the bridge
of emission that connects the pair, which suggests the presence
of a filament.
3.2. Modelling the galaxy haloes
Both galaxies in the pair will be surrounded by an isotropic ‘SZ
halo’ signal, arising from the gas in their parent haloes, plus
gas in other correlated haloes, all convolved with the extended
Planck beam. We model the overall stacked SZ map (Fig. 1) as
a superposition of two such isotropic profiles, in order to look
for a residual filament signal along the line between the pair.
The isotropic fitting is performed using only the data within a
60-degree subtended angle along the vertical direction (as in-
dicated in Fig. 2). This vertical selection is chosen to exclude
possible contamination from a filament, which is most likely to
be along the horizontal direction. We assume the radial y-profile
of the halo can be described by some unknown function f (r).
Since the stacking procedure is symmetrical about the vertical
axis, the two haloes are described by the same function. Along
the vertical direction, at a radius r1 from the halo centre on the
left, the SZ signal contains contributions from both haloes. The
total SZ signal is then F(r1), where F(r1) = f (r1) + f (r2) and
r2 = (r21 + r
2
12)
1/2 (see Fig. 2). We use a fourth order polynomial
multiplied by an exponential function for f (r), which is found to
provide an accurate fit to the data with residuals at the 1 × 10−9
level (left-hand panels of Fig. 3). From this model we then gen-
erate a 2D y-map of the two haloes, which is shown in the mid-
dle panel of Fig. 1. The difference between this model and the
stacked data (left) is shown on the right. No significant residual
of the two main haloes is found, with the exception of the region
interior to the halo centres (indicated by the dashed box), as is
expected if there is an SZ signal associated with filaments. There
is a visible asymmetry along the vertical direction in Fig. 1. We
have checked that only a minor part of this (∼ 10%) is caused by
the projection of HEALPix pixels onto the Cartesian grid. The
asymmetry is mostly random and consistent with sample vari-
ance, which we have confirmed using the sample of non-physical
pairs. The extracted one-dimensional horizontal profiles for the
stacked data and model are presented in the upper right panel
of Fig. 3. The corresponding one-dimensional residual signal is
shown in the lower right panel.
The filament signal is at most ∼ 10% of the overlapping
isotropic signals from the two haloes, so some care is needed
in order to be convinced that the residual cannot be an artefact
of any error in the assumed halo profiles. In particular, if the true
halo profiles were slightly broader than our best-fit model, this
would raise the signal in the overlap region between the haloes.
To investigate this, we introduced an additional nuisance param-
eter, in which the true halo profile is expanded in radius by a
factor s compared to our estimate. The parameter s was then
allowed to float in order to best-fit the full 2D data in Fig. 1,
adopting the null hypothesis that no filament is present. We also
allowed a free vertical normalisation in this exercise. In fact, the
preference is for a slightly narrower profile, with s = 0.94, driven
by the negative residuals at large r⊥ and small r‖. In any case, this
scaling changes the inferred filament signal by only ∼ 10%. We
therefore conclude that our main result is robust with respect to
the assumed model for the isotropic halo profile.
3.3. Estimating the significance of the filament signal
To estimate the significance of the tentative filament signal, we
measure the profile of the residual y-map along the horizontal
direction with a width of ∼ 6 h−1 Mpc, as indicated by the right-
hand panel in Fig. 1. The width of the filament was chosen to be
approximately 1.5×FWHM of the beam profile for the y-map.
We first construct the covariance of the data points using indi-
vidual y-maps associated with each pair,
Ci, j =
1
N
N∑
k=1
(yki − y¯i)(ykj − y¯ j), (3)
where the subscript i and j indicate the indices of the bins,
the superscript k represents the index of galaxy pair and N =
1, 020, 334 is the total number of pairs. This is an estimate of
the covariance of a single map in the stack, but we want the co-
variance of the mean. If all maps were independent, this would
require C → C/N. We start by computing the total χ2 value on
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Fig. 1. (a) Symmetrically stacked Compton y-parameter maps for 1 million close pairs of CMASS galaxies; (b) the modelled signal from the
galaxy host haloes only; and (c) the residual between the stacked data and model. The indicated horizontal and vertical distance scales (r‖ and r⊥
respectively) are calibrated using the mean galaxy pair separation of 10.5 h−1 Mpc. The mean projected angular separations are also shown for the
horizontal axis. There is a bridge connecting the pairs of galaxies in the data (a) but not in the model (b), suggesting the presence of a filament in
(a), which is highlighted in panel (c) by a dashed box with plus signs indicating the positions of the galaxy pairs.
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Fig. 2. Illustration of the fitting procedure used to decompose the contri-
bution from the isotropic haloes and the filament. The stacked CMASS
galaxy pairs for the Compton y-map are shown in black and white in
the main panel. The mean horizontal profile extracted from the 2D plot
is in the upper panel. The pink dashed lines indicate the 60-degree sub-
tended angle used to construct the mean radial profile in the left panel.
The arrows demonstrate how the two haloes were decomposed for the
halo modelling. Blue colours correspond to the primary halo contribu-
tion, green to the secondary halo, and pink to the combined contribution
from the two haloes. F(r) indicates the sum of the two isotropic halo
profiles [ f (r1) and f (r2)] along the vertical direction.
this assumption:
χ2 =
n∑
i, j
y¯iC−1i, j y¯ j, (4)
where n is the number of bins. The χ2 values were converted
into the corresponding Gaussian σ values taking into account
the number of degrees of freedom. The data points between the
two galaxies, which we interpret as being due to gas filaments,
deviate from zero at the 5.1σ confidence level. We also find a
lower-significance horizontal excess of the SZ signal outside the
galaxy pairs, which may be the extension of the filament.
However, treating all galaxy pairs as giving independent es-
timates of the SZ signal will not be correct if the filament regions
for each galaxy pair overlap with each other. The DR12 CMASS
sky area is 9376 deg2, whereas the rectangle assumed to enclose
the filament is approximately 0.12 deg2. Thus with 106 filaments,
each SZ pixel in the CMASS region must appear in the stack ap-
proximately 13 times and we will underestimate the errors if we
assume all maps in the stack to be independent. But we cannot
simply scale all errors by
√
13 as the fraction of duplicated pixels
will depend on position within the map. The only feasible routes
for obtaining a correct covariance matrix on the stack are then
either to average over a large ensemble of realistic simulations,
or to use a resampling strategy. We choose the latter approach,
and present below detailed results using the jackknife method to
estimate the significance of the signal.
We split the galaxy pairs into sub-samples Nsub according to
their sky coordinates, such that each sub-sample is of approxi-
mately equal area and number of galaxy pairs. For Nsub = 250
this corresponds to regions of∼ 40 deg2 in size containing on av-
erage N′pair ' 4000 pairs. Since the average angular separation of
the galaxy pairs is 0.44 deg, these regions are sufficiently large to
justify treating the areas spanned by the sub-samples as indepen-
dent. Each jackknife sub-sample then contains Npair = N − N′pair
pairs of galaxies. The modelling analysis is then repeated for the
Nsub jackknife sub-samples, based on the mean measurements of
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Fig. 3. One-dimensional profiles of the SZ signal from stacked galaxy pairs. (a) The mean radial SZ profile extracted along the vertical direction in
the left-hand panel of Fig. 1; (b) the mean horizontal profile with a thickness of 6 h−1 Mpc extracted from the left-hand panel of Fig. 1; the residual
of (c) the radial profile and (d) the horizontal profile after subtracting the contribution from the two haloes. Error bars in panels a and b represent
simple estimates of the errors in the mean profile, while in panels c and d the error bars are obtained from a detailed jackknife analysis. The blue
dashed lines and the green dash-dotted line indicate the modelled primary and secondary halo contributions respectively. The pink solid lines show
the combined modelled contribution from the two haloes. The residual in (c) is consistent with zero, indicating the success of our modelling. The
detected filament lies interior to the halo centres (dotted lines), shown by the offset between the solid pink line and the black data points in (b), and
by the residuals in (d).
the Npair pairs in each jackknife sub-sample. We use the resulting
Nsub residual profiles (y) to construct the covariance,
CJKi, j =
Nsub − 1
Nsub
Nsub∑
k=1
(yki − y¯i)(ykj − y¯ j), (5)
where i and j still represent the indices of the bins, but k now
indicates the index of the sub-sample and
y¯i =
Nsub∑
k=1
yki /Nsub. (6)
As before (Equation 4) we compute the χ2 value to compute
the significance, however we now also add a correction factor to
account for bias in the inverse covariance matrix (Hartlap et al.
2007), such that
χ2 =
n∑
i, j
y¯i
(
Nsub − n − 2
Nsub − 1
) [
CJKi, j
]−1
y¯ j, (7)
where n again indicates the number of bins. For Nsub = 250 we
find the significance of the filament (n = 12) to be 2.9σ. To test
this result, we have repeated the jackknife analysis for different
values of Nsub (ranging from Nsub = 100 to Nsub = 1000), find-
ing convergence to within ±0.3σ from the quoted 2.9σ result.
Including the data points outside the galaxy pairs increases the
significance to 3.8σ; for the calculation of this significance we
have excluded the data point at the location of the galaxy cen-
tres as a precaution, since the jackknife error here is very small
(2 × 10−10) and we want to avoid possible contamination from
the galaxy to the filament.
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We note that, in order to perform the model fitting for the
mean vertical profile of each jackknife region, we require error
estimates of the vertical profile. These are initially taken to be the
simple independent-snapshot estimate of the errors on the mean,
as of course we start without a knowledge of the jackknife errors.
But this is not a critical issue: the errors on the profile are very
small and do not dictate the uncertainty in the residual. Also, the
true errors resulting from this fitting process are by construction
correctly represented by the resampling. We experimented with
ignoring errors entirely and fitting the profiles by least squares;
this changed the significance of the filament residual by only
+0.1σ, so we conclude that profile fitting uncertainties are sub-
dominant to the main sources of error discussed in the following
section.
4. Interpretation of the filament signal
Having identified a filament signal in the stacked y-map, we now
need to ask whether this constitutes a detection of the WHIM,
or whether the signal might have some other origin. There are
three possible sources of contamination that must be considered:
(i) uncorrelated sources, including foreground and background
dusty galaxies, and dust emission from the Milky Way; (ii) cor-
related SZ emission from gas in galaxy haloes that follow the
filament between our galaxy pairs; (iii) systematic signal leak-
age from the Cosmic Infrared Background (CIB) into the Planck
y-map.
4.1. Uncorrelated sources
We estimate the residual SZ signal due to the uncorrelated large-
scale structures by repeating our stacking and fitting procedure
for the catalogue of non-physical galaxy pairs (section 2.1.2).
We use 13.6 million selected non-physical CMASS galaxy pairs
to draw 500 subsamples of equal size to the sample of physical
pairs, and then perform the stacking, halo modelling and pro-
file extraction for each subsample. We find the mean residual
SZ signal for the non-physical pairs to be consistent with zero,
and therefore conclude that uncorrelated large-scale structures,
including dust emission from the Milky Way, cannot make a sig-
nificant contribution to the SZ signal of the detected filament.
4.2. Bound gas in correlated haloes
The non-physical pairs lack the contribution to the SZ signal
that can arise from haloes that lie along the filament between the
galaxy pairs. We examine the effect of these possible correlated
structures using both observations and simulations.
We start by constructing a map of the galaxy number density
for the whole CMASS sample. The map was convolved with a
Gaussian filter of FWHM 10 arcmin to represent the beam size of
the y-map, and we then apply our stacking and fitting procedure
to this map. The resulting 2D stacked pairs and residual profiles
are shown in Fig. 4 together with the extracted profiles and fitted
models. After subtraction of the isotropic component of the two
haloes, we find that a filament in the light distribution between
the galaxy pairs is detected. However, the relative level of this
signal is small: 1-2% of the peak values of the two haloes, as
against ∼ 10% in the SZ analysis. From this we can then estimate
that CMASS galaxy haloes within the filaments contribute less
than 20% of the detected filament signal.
But in making the estimate of the total contribution to the
filament signal from galaxies within the filament, we should also
consider the contribution from galaxies below the CMASS limit.
These are significant in principle: taking the relation between the
SZ decrement and stellar mass from Greco et al. (2015) and the
stellar mass function at z = 0.55 from Maraston et al. (2013),
we estimate that galaxies at or above the CMASS stellar mass
contribute approximately 1/3 of the global SZ signal. However, if
the low mass galaxies cluster about CMASS galaxies in the same
way as CMASS galaxies cluster together, then their contribution
would not change our analysis: they would enhance the signal
near the CMASS galaxies and along the filament, so that their
contribution would scale out. Because of the rapid scaling of SZ
decrement with galaxy mass, the most important missing haloes
are only a few times smaller than the CMASS haloes, so any
difference in their clustering bias parameter would be at the level
of 10%, suggesting that they would make a sub-dominant change
to the 20% SZ contribution that we estimated above.
A caveat of the above estimate is that the galaxy number den-
sity map is only an approximation for the y-map intensity con-
tributed by CMASS galaxies. The Y − M relation, where Y is
the total SZ Comptonisation parameter within a certain radius
and M is the halo mass enclosed within the same radius, is effec-
tively taken as Y ∝ Mβ with the slope parameter β ' 1. This is
expected from halo occupation distribution (HOD) fitting results
for the CMASS galaxy sample (Manera et al. 2013; White et al.
2011). However, β is predicted to be 5/3 from the self-similar
model (da Silva et al. 2004; Motl et al. 2005; Bonamente et al.
2008; Kay et al. 2012; Sembolini et al. 2013; Planck Collabo-
ration 2016a). We therefore verify our estimate of the contribu-
tion to the excess SZ signal from haloes outside of the galaxy
pairs using an independent estimate from simulations in which
the Y − M relation has been accounted for directly.
We construct a full-sky y-map using the Millennium N-body
simulation (Springel et al. 2005). We use all haloes above the
mass of 1010 h−1M, as these host most of the galaxies that
may have gas haloes contributing to the SZ signal of the fil-
ament. Each halo is assigned a y-value according to the well
studied Y − M relation with slope β = 5/3. Haloes in the Mil-
lennium simulation box at z ' 0.5 are repeated using the peri-
odic boundary conditions to populate the volume corresponding
to the CMASS sample in the sky. We ray-trace the simulated
volume following HEALPix pixels at Nside = 1024. The simu-
lated y-map is constructed by summing up all the haloes within
0.43 < z < 0.75 that intersect with each HEALPix pixel. The
map is then convolved with a Gaussian filter of FWHM 10 ar-
cmin to mimic the Planck y-map. We note that the effect of gas in
small haloes is almost certainly overestimated in this method, as
we have extrapolated the Y −M relationship down to a low mass
of 1010 h−1M. We know that in reality the gas fraction drops be-
low the universal baryon fraction for low mass haloes, possibly
from 1013 h−1M (Lim et al. 2017), and hence the contribution
from low mass haloes may have been significantly overestimated
given that the number of them is much larger. Crucially, our sim-
ulated y-map does not include any contribution from a diffuse
intergalactic medium, so that any SZ signal detected between
two mock CMASS galaxies derives solely from haloes that lie
between the pair and along the line of sight.
To construct the corresponding galaxy pair catalogues, we
populate the simulated halo catalogues in the CMASS volume
with galaxies using an HOD recipe (Peacock & Smith 2000;
Scoccimarro et al. 2001; Benson et al. 2000; Berlind & Wein-
berg 2002; Kravtsov et al. 2004). The mean occupancy of central
and satellite galaxies for each halo are described by a model with
five free parameters (Zheng et al. 2007), for which we adopt the
values from Manera et al. (2013). These are similar to those of
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White et al. (2011) and calibrated to reproduce the clustering of
the SDSS DR9 CMASS sample. Despite the slight differences
of the cosmological parameters between the Millennium sim-
ulation and those used by the above papers, the mean number
densities of galaxies are found to be similar, at approximately
3 × 10−4(h−1Mpc)−3. Satellite galaxies are distributed following
an NFW profile (Navarro et al. 1996) with the halo concentra-
tion parameter from Neto et al. (2007). The distribution of satel-
lites within the halo is unimportant for this study since (a) the
satellite fraction is only ∼ 10%; (b) the scale of our concern is
well beyond the 1-halo term; and (c) the convolution of the map
with the 10-arcmin Gaussian beam erases information on these
scales. With the simulated y-map and its corresponding galaxy
catalogues, we repeat our stacking analysis for all galaxy pairs in
the CMASS footprint. The resulting stacked maps and residuals
are shown in Fig. 5. After subtraction of the isotropic component
from the two haloes, we find a small residual filament between
the galaxy pairs at the level of ∼ 2% of the peak values of the
two haloes. This is consistent with our estimate based on the
CMASS galaxy sample shown in Fig. 4. We therefore estimate
that correlated galaxy haloes contribute approximately 20% of
the detected filament signal.
4.3. Dust contamination
The Planck y-map may have been contaminated by the CIB, as
speculated by the Planck team (Planck Collaboration 2016a).
This is a result of the non-zero CIB emission within the SZ-
sensitive wavelength range. Whilst the CIB emission from dusty
galaxies comes mainly from higher redshifts than the CMASS
sample, there is some overlap in the redshift distributions
(Planck Collaboration 2016a). The fraction of the CIB leakage
coming from the Planck 857 GHz map can be quantified as αCIB.
This quantity has been estimated by Vikram et al. (2017) for the
same y-map used for our study, and by Hill & Spergel (2014) for
a y-map constructed independently from Planck data, to be ap-
proximately 10−7 and 10−6 for their respective cross-correlation
analysis of SZ×SDSS groups at z < 0.2 and SZ×CMB lensing at
z ' 2. With the difference between the redshift distribution of the
CMASS galaxies and these studies, we conclude that the fraction
of CIB contamination is therefore between 10−7 < αCIB < 10−6.
When repeating our stacking analysis using the Planck 857 GHz
map, we find a residual filament signal with an amplitude of the
order of 10−5 K in terms of the thermal temperature of the CMB
(Planck Collaboration 2014). When multiplied by the leakage
parameter αCIB, the CIB contamination is estimated to be 2-3
orders of magnitudes below the detected SZ filament.
The above estimates assume that the leakage coefficient αCIB
applies to all scales, regardless of the possible difference be-
tween the CIB and SZ y power spectra; but an independent study
from the Planck collaboration (Planck Collaboration 2016d),
has shown that the estimated CIB leakage power spectrum is
steeper than the power spectrum of y. However, the relative am-
plitude of these two power spectra does not change by more
than than one order of magnitude at the scales of our interests
(100 < ` < 2000). Therefore, the order-of-magnitude estimate
from Vikram et al. remains valid. Perhaps more importantly, the
cross-spectrum between the CIB leakage and y was shown to
be one order of magnitude below their auto-spectra at all scales
(Planck Collaboration 2016d). This suggests that only 10% of
the CIB leakage is correlated with the SZ signal, therefore sup-
porting our conclusion that the CIB leakage to the excess SZ
signal is sub-dominant.
Despite the remaining uncertainties in the CIB-SZ leakage,
it is possible to make a direct argument that such leakage cannot
be the source of our apparent filament signal. This argument ex-
ploits the logic of section 4.2, where we considered whether the
filament signal could arise from the blended SZ effect of many
haloes lying along the filament. We concluded that this could
not be the case, based on the small stacked galaxy density in
the filament region, relative to the stacked halo signal around the
CMASS galaxies that mark the filament. The filament:halo ra-
tio is larger in the SZ stack, implying that some diffuse source
is required for the SZ signal, in addition to the SZ signal from
virialised gas in haloes. If this argument is accepted, it is readily
seen that CIB leakage must be irrelevant: the CIB is associated
with star formation and will only contaminate the apparent SZ
signal from haloes. The fraction of the halo SZ signal that is in-
duced by the CIB will have no effect on the contrast between
filament centre and ends and thus cannot produce our apparent
excess diffuse SZ signal.
4.4. Estimating the baryon content in filaments
The SZ effect constrains only the product of gas temperature and
gas density (Eq. 1). From our analysis we measure the mean am-
plitude of the Compton y-parameter to be y¯ = 0.6±0.2×10−8. To
break the degeneracy between the gas density and temperature in
this measurement, we require an independent estimate for one of
the quantities.
Previous studies of warm-hot gas filaments using hydrody-
namical simulations (e.g. Cen & Ostriker 1999; Davé et al. 2001;
Martizzi et al. 2018) have suggested that gas in filaments should
have a lower density than gas within virialised objects, with a
typical median gas density of order 10n¯e. This gas has been
shock heated to temperatures ranging between 105 to 107 K, fol-
lowing a distribution that peaks at approximately 106 K. Assum-
ing this peak temperature for our measured filament, we can es-
timate its gas density as follows.
We model the filament as a cylinder in which the gas distri-
bution follows the total matter distribution and they both follow
a two-dimensional Gaussian profile. Unlike the line-of-sight di-
rection, along the vertical direction (r⊥) the SZ signal and hence
the electron number density ne will also be convolved with the
Planck beam of FWHM 10 arcmin. We adopt a FWHM for the
intrinsic filament profile of 1.5 h−1 Mpc (Colberg et al. 2005).
We note that our result for the total baryon content of the fila-
ment is almost independent of this choice. Since the large Planck
beam is dominant, the chosen intrinsic width makes a difference
of ∼ 1 percentage point to the baryon content estimate. From our
analysis (for a complete derivation, see Appendix A) we found
the mean amplitude of the filament between the two pairs to be
y ' 0.6 × 10−8. Taking Te = 106K and using the cylindrical
Gaussian model, we determine the mean density in the filament
to be ne(z) ' 6× n¯e(z), where ne(z) is the mean universal electron
density at the medium redshift of the CMASS galaxy sample
z = 0.55. Assuming the universe to be fully ionised and account-
ing for the full volume occupied by the CMASS galaxies of ∼ 4
(h−1Gpc)3, this estimated filament density amounts to approxi-
mately 30% of the mean baryon density of the Universe: 0.3Ωb.
This estimate is based on the mean gas temperature from hy-
drodynamical simulations, which comes with a large uncertainty,
mainly due to limitations on our understanding of galaxy forma-
tion and the baryon cycle in the Universe. Moreover, our selec-
tion of gas filaments from observations may not be fully repre-
sentative of the WHIM studied in these simulations. More elab-
orate comparisons between simulations and observations would
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need to be conducted to verify the above result. Alternatively
however, we can estimate the internal mass density of the fila-
ment using gravitational lensing. If we assume that dark matter
and baryons have not separated on these scales, we can obtain an
estimate of the baryon density, and hence the gas temperature.
We repeat our stacking analysis, replacing the SZ y-map with
the modified lensing κ-map from Planck (section 2.2.2). Follow-
ing the same analysis as for the SZ results, the results of which
are shown in Figs 6 & 7, we measure the mean amplitude of the
projected matter density in the filament between the galaxy pairs
to be κ¯ = (0.58 ± 0.31) × 10−3, a 1.9σ measurement. Including
the excess signal outside the galaxy pairs, we find a 3.1σ de-
tection. This is undeniably a marginal signal, but the detection
of the imprint of filaments on CMB lensing has previously also
been reported in He et al. (2017) using a different method.
Using the same cylindrical model as for the SZ measurement
(see Appendix A), we estimate the central total matter density in
the filament to be ρ(z) = (5.5 ± 2.9) × ρ¯(z), where ρ¯(z) is the
mean universal total matter density at the median redshift of the
CMASS galaxy sample z = 0.55. Assuming that the baryon frac-
tion of the filament follows the mean value of the Universe (i.e.
the gas density n0(z) = (5.5 ± 2.9) × n¯e(z)), the gas temperature
is estimated to be Te = (2.7 ± 1.7) × 106 K, where we assume
that the errors between the lensing and SZ measurements are
independent. Given the relatively large uncertainties from both
simulations and observations, we find our constraints for the gas
density and temperature of the filament to be broadly consistent
with expectations from the literature.
Combining this gas density and temperature, the gas in our
sample of filaments amounts to (0.11 ± 0.07)Ωb. We note that
the dominant source of contamination of this signal arises from
gas in haloes within the filament. This was found to contribute
less than 20% of the total signal, a level of contamination that is
within the overall error on our measurement.
The above estimates use only the signal measured in the re-
gion interior to the galaxy pairs (i.e. the boxed region indicated
in Figs. 1 & 6), but in section 3.3 we found the filament sig-
nal to be of higher significance when when we extend the fila-
ment region beyond the galaxy pairs. The mean convergence of
this wider area is κ¯ = (0.33 ± 0.11) × 10−3, with a mean ampli-
tude of the Compton y-parameter of y¯ = 2.4 ± 0.6 × 10−9. Per-
forming the same calculations as before to estimate the baryon
content for filaments spanning the full width of the stacked map
(42 h−1 Mpc), we find the central total matter density in the fil-
ament to be ρ(z) = (3.5 ± 1.1) × ρ¯(z) and the temperature to be
Te = (1.7 ± 0.7) × 106 K, corresponding to a baryon density of
(0.28 ± 0.12)Ωb. The maximum spatial extent of the filaments is
not known a priori, but the horizontal residuals for the SZ and
lensing measurement do both converge to zero towards the edge
of the region (lower panels of Figs. 3 & 7), indicating a possible
natural length-scale of the filament. Nevertheless, because of the
slight uncertainty over the choice of filament length, we gener-
ally regard the estimates obtained using only the region interior
to the galaxy pairs as our main result.
5. Discussion
The quoted baryon fraction refers to gas found in filaments de-
rived from our specific selection in terms of filament length and
galaxy pair population, so it is certainly incomplete. We expect
that more gas in filaments can be detected using deeper galaxy
surveys, in which smaller filaments will be found. An increased
sample size can, together with future lensing and X-ray surveys,
also provide better constraints on the density and temperature,
galaxiesa 7± 2%
cold gasb 1. 7± 0. 4%
CGMc 5± 3%
ICMd 4± 1. 5%
photoionisedh
(T∼ 104 K)
28± 11%
WHIM (105 K<T< 105. 5 K)f, g
25± 8%
this work (tSZ)e
WHIM (T∼ 106 K)
11± 7%
still missing
18± 16%
Fig. 8. Summary of the baryon budget of the late-time Universe. Table
values are adjusted from Fukugita & Peebles (2004), Shull et al. (2012)
and Nicastro et al. (2017). (a) stellar component of galaxies; (b) cold
gas in galaxies estimated from observation of HI and H2; (c) circum-
galactic medium observed through Lyα O VI absorptions(Prochaska
et al. 2011); (d) intracluster medium observed via X-ray emission. The
recent detection of X-ray filaments near a massive nearby cluster (Eck-
ert et al. 2015), and SZ signal between interacting clusters (Planck Col-
laboration 2013) measures hot gas in a similar phase as in this category.
(e) warm-hot intergalactic medium (WHIM) detected via the thermal
SZ effect; the value is estimated at z ' 0.5, which is consistent with the
estimate by Nicastro et al. (2018) from the observation of two OVII ab-
sorbers; (f) and (g) WHIM observed via Damped Lyα and O VI absorp-
tions; Shull et al. (2012) noted that there is some overlap between DLA
and O VI. According to Nicastro et al. (2017), they trace the same gas.
This is the biggest uncertainty for the amount of baryons which is still
missing. (h) gas observed via photonionised Lyα absorbers. Note that
the recent detection of the kinetic SZ effect (Hernández-Monteagudo
et al. 2015; Hill et al. 2016; Schaan et al. 2016; De Bernardis et al.
2017) constrains the baryon content in and around collapsed objects,
and therefore falls into the category of (c) and (d).
and hence on the inferred baryon fraction. For the present, in
Fig. 8 we summarise the current census of baryons in the low-
redshift Universe, combining our work with existing literature
(Shull et al. 2012; Nicastro et al. 2017).
Our study of gas filaments using the thermal SZ effect is the
latest installment in a long campaign to search for the miss-
ing baryons in the intergalactic medium. Direct observations
have been made through Lyα, OVII and OVI absorption lines
in quasar spectra (Penton et al. 2004; Nicastro et al. 2008; Tejos
et al. 2016; Nicastro et al. 2018). Nicastro et al. (2018) deter-
mined an upper and lower limit on the warm-hot baryon fraction
from the measurement of two OVII absorbers. Our result is in
agreement with their estimate, however the uncertainties in both
studies are very large, such that no strong conclusions on the
baryon fraction can be drawn.
Several previous works have focused on the X-ray emis-
sion and SZ signal from individual filaments. Kull & Böhringer
(1999) reported the presence of an elongated gas structure within
the Shapley Supercluster in ROSAT data. Eckert et al. (2015)
Article number, page 10 of 13
Anna de Graaff et al.: Probing the missing baryons with the Sunyaev-Zel’dovich effect from filaments
detected multiple filamentary structures around the Abell 2744
cluster using XMM-Newton observations. The gas in these
large-scale (∼ 1 − 2 h−1 Mpc) filaments was found to be at tem-
peratures T ' 107 K and densities ρb ' 200ρ¯b, and therefore rep-
resent the high-temperature and high-density end of the WHIM.
The Planck Collaboration (2013) combined tSZ data and
ROSAT X-ray data to study pairs of merging clusters. They de-
tect a filamentary structure of projected length 3 h−1 Mpc con-
necting the cluster pair A399-A401, finding the Compton pa-
rameter to be y ∼ 105, and estimate the gas temperature to
be kBT = 7.08 ± 0.85 keV (T ∼ 8 × 107 K) and the electron
density to be ne = 3.7 × 10−4 cm−3 (over-density δ ∼ 200).
Bonjean et al. (2017) performed a similar analysis, however as-
suming a different X-ray temperature measurement, and found
a similar Compton y-parameter and electron density of ne =
(4.3 ± 0.7) × 10−4 cm−3.
Our work clearly probes a different regime than these previ-
ous studies, detecting large-scale structures of baryons that span
∼ 10 h−1 Mpc at a significantly lower density (∼ 5ρb) and lower
temperature (∼ 106 K). Moreover, in comparison with previous
absorption line studies, our method probes an unprecedented
cosmological volume and provides a visualisation of the WHIM.
Similar conclusions to this work have been reached indepen-
dently by Tanimura et al. (2019) (hereafter referred to as T19).
Our study differs from T19 mainly in the galaxy pair catalogues
used: T19 used the SDSS-DR12 LRG galaxy catalogue and
found 262,864 pairs of galaxies at redshifts z < 0.4. We used the
DR12 CMASS galaxy catalogue and found 1 million pairs with
similar selection criteria. Our sample is 5 times larger and covers
a higher redshift range (0.43 < z < 0.75). These two catalogues
are therefore independent and complementary in their redshift
ranges. Despite the differences, we achieved similar results in
terms of the amplitudes and statistical significances of the fila-
ment signal. In terms of the Compton y-parameter, T19 found
y ' 1 × 10−8 at the 5.3σ level, whereas we find y ' 0.6 × 10−8
at the 2.9σ level and y ' 0.24 × 10−8 at the 3.8σ level when
also including the signal beyond the galaxy pairs. The fact that
two independent studies using two different catalogues achieve
similar conclusions provides strong evidence for the detection of
gas filaments.
6. Conclusions
Cosmological simulations predict that the majority of missing
baryons in the Universe form a diffuse warm-hot gas in filaments
in the cosmic web. We searched for gas filaments by stacking the
thermal Sunyaev-Zel’dovich y-map from Planck for 1,002,334
pairs of CMASS galaxies with a mean comoving separation of
10.5 h−1 Mpc. We found a significant SZ signal for the stacked
galaxy pairs, and modelled the galaxy pair haloes by assuming
their pressure profile to be isotropic. After subtraction of the
galaxy pair contribution to the signal, we find residual filamen-
tary signal at the 2.9σ confidence level with a mean Compton
parameter y¯ = (0.6 ± 0.2) × 10−8.
We have identified and addressed potential sources of con-
tamination to this residual signal, including contributions from
uncorrelated sources and dust in the Milky Way, bound gas in
haloes correlated with the galaxy pairs, and systematic leakage
from the CIB into the SZ y-map. We conclude that the only sig-
nificant source of contamination is due to bound gas in corre-
lated structures, which may contribute up to 20% of the mea-
sured residual signal.
To estimate the filament gas properties we measured their
gravitational lensing signal by stacking the Planck κ-map for
the same sample of galaxy pairs, finding a mean convergence
κ = (0.6 ± 0.3) × 10−3, a marginal detection of 1.9σ. Assuming
a cylindrical filament model in which both the baryons and dark
matter follow a Gaussian profile, we obtain a filament gas den-
sity ρb = (5.5±2.9)× ρ¯b and temperature T = (2.7±1.7)×106 K,
which (albeit with large uncertainty) is consistent with predic-
tions from hydrodynamical simulations. Considering the total
volume spanned by the CMASS galaxies, this measurement can
account for 11 ± 7% of the total baryon content of the Universe.
Additionally, we have found evidence that the filaments ex-
tend beyond the galaxy pairs. Including the contribution from
this extended region increases the significance of the filament
signal to 3.8σ and 3.1σ for the SZ and lensing measurement re-
spectively, and overall this extended filament region may account
for 28 ± 12% of the total baryon content.
Our method complements other probes for the intergalactic
medium such as X-ray and quasar absorption; it provides evi-
dence for the presence of the WHIM in filaments and opens up
a new window to search for missing baryons in the cosmic web.
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Appendix A: Estimating the density with the
cylindrical filament model
From the observed SZ effect of the gas filament and the corre-
sponding total matter of the filament from CMB lensing mea-
surements, we can estimate both the gas and matter density. We
assume that the filament takes the shape of a cylinder and both
the gas and total matter follow a two-dimensional Gaussian pro-
file perpendicular to the direction of the filament. In the follow-
ing we take the derivation for the gas component for clarity. It
applies to the total matter density by simply changing the nota-
tion. The gas density perpendicular to the filament direction can
be expressed as
ne(`, r⊥) = n0 exp
− r2⊥
2(σ2 + σ2B)
 exp (− `22σ2
)
, (A.1)
where (`, r⊥) are coordinates in the plane perpendicular to the
filament direction, within which ` is the line-of-sight direction
and r⊥ is the direction perpendicular to the line of sight. The
intrinsic Gaussian width of the filament is denoted by σ, and
σB is the corresponding width of the Gaussian Planck beam of
FWHM 10 arcmin. The density profile is convolved by the 10-
arcmin FWHM Gaussian beam along r⊥. Using Eq. 1, the aver-
aged one-dimensional y profile along the r⊥ direction is
y(r⊥) =
√
2pi n0 σ
kBTeσT
mec2
exp
− r2⊥
2(σ2 + σ2B)
. (A.2)
We find from our measurement that the peak value of y(r⊥) is
very close to its mean within the box region of the filament
(Fig. 1), i.e. ypeak ' y¯/0.9. This yields
n0 =
y¯/0.9√
2piσ
mec2
kBTeσT
. (A.3)
Therefore, given the measurement of y¯ from data, the exact value
of the central density of the filament depends on the assumption
for the Gaussian σ of the filament as expected. However, the
total number of electrons in the filament
Ne = L
∫
ne(`, r⊥) d` dr⊥ =
y¯
0.9
mec2
kBTeσT
√
2pi L
√
σ2 + σ2B
(A.4)
where L is the length of the filament, is insensitive to that
assumption at the limit where σB  σ, which is our case as the
beam of the CMB map is dominant. Here, σB ' 3 × σ, so the
choice of σ makes a difference of ∼ 1 percentage point for the
baryon fraction estimate.
With the same derivation, the total matter density contrast
at the centre of the filament δ0 is related to the mean lensing
convergence κ¯ via
δ0 =
κ¯/0.9√
2piσ
2ac2
3H20Ωm
DS
DL(DS − DL) . (A.5)
Using the above equation with the observed value of κ¯, the cen-
tral matter density is estimated to be ρ0(z) = [δ0(z) + 1]ρ¯(z) '
5.5× ρ¯(z). Assuming that the baryon fraction in the region of the
filament follows the mean value of the Universe, the central gas
density of the filament is therefore also n0(z) ' 5.5×n¯e(z), and so
the corresponding gas temperature is approximately 2.7× 106 K.
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